Abstract: DNA damage causally contributes to aging and age-related diseases. The declining functioning of tissues and organs during aging can lead to the increased risk of succumbing to aging-associated diseases. Congenital syndromes that are caused by heritable mutations in DNA repair pathways lead to cancer susceptibility and accelerated aging, thus underlining the importance of genome maintenance for withstanding aging. High-throughput mass-spectrometry-based approaches have recently contributed to identifying signalling response networks and gaining a more comprehensive understanding of the physiological adaptations occurring upon unrepaired DNA damage. The insulin-like signalling pathway has been implicated in a DNA damage response (DDR) network that includes epidermal growth factor (EGF)-, AMP-activated protein kinases (AMPK)-and the target of rapamycin (TOR)-like signalling pathways, which are known regulators of growth, metabolism, and stress responses. The same pathways, together with the autophagy-mediated proteostatic response and the decline in energy metabolism have also been found to be similarly regulated during natural aging, suggesting striking parallels in the physiological adaptation upon persistent DNA damage due to DNA repair defects and long-term low-level DNA damage accumulation occurring during natural aging. These insights will be an important starting point to study the interplay between signalling networks involved in progeroid syndromes that are caused by DNA repair deficiencies and to gain new understanding of the consequences of DNA damage in the aging process.
Introduction
Genome maintenance is important throughout life to counteract the accumulation of DNA damage. Unrepaired DNA damage can have a range of consequences including cell cycle arrest and senescence, apoptosis, cellular dysfunction and the accumulation of mutations. The causal role of DNA damage not only in cancer development but also in aging-associated diseases in general has been increasingly recognized in recent years. DNA lesions are constantly formed amid genotoxic attacks by exogenous sources such as ultraviolet light (UV) light and ionizing radiation (IR) or endogenous insults, such as reactive oxygen species (ROS) and metabolic byproducts. To overcome the potential deleterious effects of DNA damage accumulation, cells have evolved specialized DNA repair systems, each repairing specific types of lesions. Base excision repair (BER) rapidly removes ROS and oxidized bases produced during metabolic processes [1] . Mismatch repair (MMR) corrects mistakes missed by the replication machinery, through scanning the newly replicated strand [2] . The error-prone non-homologous end joining (NHEJ) [3] and the accurate homologous recombination (HR) pathways [4] are key mechanisms for repairing DNA double strand breaks (DSBs). Bulky DNA lesions that disturb the normal double-helical structure of DNA, such as UV-induced 6-4 pyrimidine photoproducts (6-4PPs) [5] and cyclobutane pyrimidine dimers (CPDs) [6] , are repaired by the nucleotide excision repair (NER) [7] .
Despite these highly specialized DNA repair systems, some lesions might be overlooked and persist, while others might be converted into mutations thus increasing the cancer risk with aging [8] . Congenital syndromes that are caused by heritable mutations in NER genes exemplify particularly well the distinct mechanisms through which DNA damage fuels cancer development and promotes the aging process. While defects that primarily affect the global-genome (GG-) NER, which surveys the entire genome for helix-distorting lesions, lead to the skin cancer susceptibility syndrome Xeroderma pigmentosum (XP), defects primarily disabling transcription-coupled (TC-) NER lead to severe growth retardation and premature aging in Cockayne syndrome (CS) patients [9] .
The pathological consequences of unrepaired DNA damage are complex and so is the cellular DNA damage response that orchestrates physiological adaptations [10] ranging from the modulation of signalling pathways [11] [12] [13] [14] to metabolic adjustments [15, 16] . Interestingly, similar adaptations have been observed during aging [17, 18] and upon stress conditions [19] , suggesting that the aging organism responds to the accumulation of DNA lesions over time.
Adaptive Response to Stress

High-Throughput Approaches as a Tool to Identify Organismal Response Mechanisms upon Stress
Technological advances in mass-spectrometry (MS)-based approaches have made large-scale protein as well as lipid and metabolite quantification accessible and usable for a growing community of scientists across various fields of the life sciences [20] . Such approaches, applied to different model organisms and coupled to global transcriptome studies [21] [22] [23] , are recently emerging to provide insights into the global protein dynamics and alterations in the carbohydrate, amino acid, and lipid metabolism during the physiological adaptations to stress [10, 15, 19, 24] , as well as during aging [17, 25, 26] (Figure 1 and Table 1 ).
In the model eukaryote Saccharomyces cerevisiae, proteome studies upon treatments with DNA-damaging agents (methyl methanesulfonate (MMS), 4-nitroquinoline 1-oxide (4NQO), tert-Butyl hydroperoxide (t-BuOOH) and UV) have highlighted the nucleus and nuclear periphery as hot spots, suggesting that chromatin remodelling, together with nucleo-cytoplasmic transport of RNA and protein, are important targets for the stress response, as well as the macromolecular trafficking mechanism which is used to signal to the rest of the cell [27] [28] [29] (Table 1) . The yeast S. cerevisiae has been also an interesting model in the context of toxicological studies, to understand the global organismal response mechanisms to different environmental pollutants, such as metals, fungicides and antimicrobials [30] .
The nematode Caenorhabditis elegans is a versatile metazoan model organism to perform similar coupled omics and bioinformatics in vivo studies. Upon different conditions of heat, osmotic, and oxidative-stress [16, 19] , or after genotoxic UV-treatment in a background of NER deficiencies [10] , many of the major cellular processes, such as chromatin remodeling, protein homeostasis and lipid metabolism were affected (Table 1) . These stress response mechanisms, coupled to organismal metabolic changes, were also found to be similarly regulated in the nematode during aging [17, 18, 31] , suggesting an active role of stresses and DNA damage accumulation in the physiological adaptations manifested in aged animals.
Coupled metabolomics and proteomics studies have also been performed in murine models, reporting an interesting readout, such as alterations at the level of lipid metabolism and macromolecular trafficking, including dynamic mechanisms of stress sensing [15, [32] [33] [34] (Table 1) . Protein refolding and degradation, as well as energy metabolism were also conserved response mechanisms in a murine model of aging [35, 36] . The further application of these omics approaches within medical research in humans, opens new perspectives to the identification of biomarkers for organismal stress that are associated to aging [37, 38] , as well as a future of personalized treatments. within medical research in humans, opens new perspectives to the identification of biomarkers for organismal stress that are associated to aging [37, 38] , as well as a future of personalized treatments. 
In Vivo Models to Study Adaptations to Nucleotide-Excision Repair (NER) Defects
Due to the highly complex phenotypes in human patients with congenital NER syndromes [39] , corresponding mouse mutants have been generated to model the disease aetiology [40, 41] . Transcriptome analysis performed in mouse mutants carrying similar genetic defects as human patients suffering from progeroid CS or the related XPF-ERCC1 progeria (XFE), have highlighted that, similarly to normative aging mice [11, 42, 43] , there is a dampening of the growth hormone/insulin-like growth factor 1 (GH/IGF1)-mediated somatotropic axis [44, 45] , a conserved signalling pathway regulating development, stress resistance and longevity [46] [47] [48] .
In worms as in mammals, the insulin/insulin-like growth factor signalling (IIS), a central component of the somatotropic axis, responds to transcription-blocking lesions, and through its effector, the transcription factor DAF-16 (C. elegans homologue of the FOXO family of transcription factors), elevates the tolerance to persistent DNA damage [12, 49] .
Due to the exquisitely complex physiological alterations occurring in the mouse models with DNA repair defects, particularly during developmental growth, the nematode C. elegans provides a relatively simple metazoan model to better understand the organismal consequences of unrepaired DNA damage and to study aging [18, 31] . C. elegans has a well-defined developmental cycle and most of the major mammalian DNA repair pathways, including NER, are conserved to the molecular level [50] . Interestingly, in C. elegans the mutations in the two NER sub-pathways result in distinct outcomes when the worm is challenged with UV irradiation, reflecting the distinct human phenotypes of XP and CS. UV-treated GG-NER-deficient xpc-1 animals display genome instability in proliferating cell types. In worms, most cell divisions occur during early embryonic development and in the germline throughout the animals' life. Genome instability in proliferating cells is a root cause for cancer development in humans, thus emphasizing the model character for a causal event for skin cancer development in XP patients. In contrast, TC-NER-deficient csb-1 or csa-1 mutants arrest somatic developmental growth, and during adulthood somatic tissues degenerate upon UV exposure. CS patients display severe postnatal growth defects and premature aging underlining the worm's model character for some important aspects of the human disease. The UV sensitivity of csb-1 mutants can be enhanced when GG-NER is also defective, as in the case of completely NER-deficient xpc-1, csb-1 double-mutants or xpa-1, indicating that the distinct NER initiating mechanisms can to some degree compensate for each other in line with the synthetic phenotypes of Xpc and Csb mutations in mice. Thus, a fundamental consequence of the distinct NER mutations are recapitulated in C. elegans, thus making the worm an interesting model to study the distinct in vivo responses to unrepaired DNA damage that are relevant for development, cancer, and aging in humans.
Transcriptome and proteome studies in C. elegans, have also contributed to the identification of the key regulators of stress responses [12, 19, [51] [52] [53] and longevity [10, 17, 31] , with the conserved IIS pathway taking centre stage [17, [54] [55] [56] [57] . Similar to the somatotropic attenuation observed in NER mutant mice, in NER deficient C. elegans, the transcription factor DAF-16/FOXO, which is activated when IIS is attenuated, overcomes the developmental delay and elevates the tolerance to unrepaired DNA lesions [12, 49, 58] .
The Response to Unrepaired DNA Damage upon Nucleotide Excision Repair (NER) Deficiencies Involves Mechanisms that Regulate the Aging Process
A recent multidimensional omics analysis of the response to persistent DNA damage in an NER-deficient C. elegans model has highlighted the interaction of the IIS network with other evolutionarily-conserved signalling pathways, found previously to be implicated in the regulation of growth, metabolism, stress response and to be similarly regulated during aging [10, 17, 18] . In C. elegans mutants that lack the ability to remove UV-induced lesions due to mutations in the NER components xpc-1 and csb-1, which are required for initiating GG-NER and TC-NER, respectively, have been used to investigate consequences of persistent DNA lesions. Using this paradigm of persistent DNA damage, the insulin-like growth factor-1 receptor (IGF-1R) homologue DAF-2, functioning as upstream component of the IIS signalling, has been identified as central hub of a network of UV-response genes [12] and proteins [10] that regulate larval development and longevity (Figure 2 ).
upstream component of the IIS signalling, has been identified as central hub of a network of UVresponse genes [12] and proteins [10] that regulate larval development and longevity (Figure 2) . Figure 2 . Map of differentially-regulated pathways in response to persistent DNA damage in nucleotide-excision repair (NER) deficient animals. Insulin-like signalling comprises a central node of a DNA damage response network, which involves the regulation of the epidermal growth factor (EGF)-, and AMP-activated protein kinase (AMPK)-like signalling pathways. The impaired proteostasis can lead to a general decrease in energy level, as exemplified by the attenuated fatty acid metabolism, and can be compensated by a shift towards autophagy. The processes that are downregulated or upregulated upon unrepaired DNA lesions are depicted in blue and red, respectively. CeTOR: C. elegans target of rapamycin; DAF, abnormal dauer formation.
The combined assessment of proteome, lipidome, and phosphoproteome allows drawing a comprehensive picture of the interplay between the key signalling pathways that respond to altered conditions such as the persistence of DNA lesions (Figures 1 and 2) .
One of the pathways regulated in response to persistent DNA damage is the AMP-activated protein kinase (AMPK)-like signalling, which plays a central role in controlling the organismal energy metabolism [59] [60] [61] upstream of the target of rapamycin (TOR) [10, 13, 62, 63] (Figure 2 ). TOR signalling is involved in regulating translation and protein synthesis, autophagy [64] [65] [66] [67] , as well as longevity, under the influence of the IIS signalling [68, 69] . The activity of the IIS and TOR pathways in controlling cell growth and survival is also affected by the epidermal growth factor (EGF) signalling [70, 71] , another central platform involved in controlling lipid metabolism through the cascade involving the phospholipase Cγ (PLC)/protein kinase C (PKC) [72] , and found to be also regulated upon persistent DNA damage (Figure 2) .
The physiological adaptations driven by these key signalling pathways in NER-deficient C. elegans mutants are consistent with previous reports from studies of aged animals [18, 73, 74] , suggesting that the systemic metabolic responses observed upon acute DNA damage bear similarities The combined assessment of proteome, lipidome, and phosphoproteome allows drawing a comprehensive picture of the interplay between the key signalling pathways that respond to altered conditions such as the persistence of DNA lesions (Figures 1 and 2) .
One of the pathways regulated in response to persistent DNA damage is the AMP-activated protein kinase (AMPK)-like signalling, which plays a central role in controlling the organismal energy metabolism [59] [60] [61] upstream of the target of rapamycin (TOR) [10, 13, 62, 63] (Figure 2 ). TOR signalling is involved in regulating translation and protein synthesis, autophagy [64] [65] [66] [67] , as well as longevity, under the influence of the IIS signalling [68, 69] . The activity of the IIS and TOR pathways in controlling cell growth and survival is also affected by the epidermal growth factor (EGF) signalling [70, 71] , another central platform involved in controlling lipid metabolism through the cascade involving the phospholipase Cγ (PLC)/protein kinase C (PKC) [72] , and found to be also regulated upon persistent DNA damage (Figure 2 ). The physiological adaptations driven by these key signalling pathways in NER-deficient C. elegans mutants are consistent with previous reports from studies of aged animals [18, 73, 74] , suggesting that the systemic metabolic responses observed upon acute DNA damage bear similarities with the adaptive physiological response upon long-term low-level DNA damage accumulation occurring during natural aging.
A characteristic hallmark of aging that plays a role in aging-related neurodegenerative disease is the impairment of the proteostasis network [75] [76] [77] , which represents a fundamental mechanism involved in maintaining cellular protein quality control. Proteome studies of aged C. elegans [17, 19] and of NER-deficient mutants unable to repair the DNA damage [10] both revealed a dampening of protein homeostasis (Figure 2) , indicative of an impairment in the clearing of aberrant proteins during both processes. Misfolded proteins failing to being properly refolded or degraded due to impaired protein homeostasis, are targeted for autophagic degradation, which could function as a compensatory response to clear them and recycle their component amino acids [78] [79] [80] [81] [82] . The accumulation of aberrant proteins during aging [83] [84] [85] and in age-related neurodegenerative disorders, such as Alzheimer's disease (AD) [86] , Parkinson's disease (PD) [87] and Amyotrophic lateral sclerosis (ALS) [88] has been associated with an age-related decline in autophagic activity [64, 89, 90] . The idea supporting the contribution of dysfunctional autophagy to aging has been also reported in C. elegans studies, that show autophagy genes as being essential for lifespan extension [91] , under the regulation of nutrient-sensing longevity processes as the IIS and TOR pathways [92] [93] [94] .
Autophagy has emerged as a key player in modulating aging also by affecting lipid homeostasis [95] . Under unfavourable conditions, such as nutrient deprivation, the inhibition of the upstream regulator TOR [64, 96] allows the activation of autophagy, which favours lipid mobilization to use them as energy source [97, 98] . Similarly to observations in aging worms [17, 18] , the protein synthesis, refolding and degradation processes were also found to be impaired in C. elegans carrying persistent DNA damage due to the impaired NER machinery. In addition, energy levels appear to decrease, as indicated by a dampening of lipid metabolism, following genotoxic treatment (Figure 2) . To counteract the accumulation of aberrant proteins and to promote the utilization of energy from lipid storage, autophagy is activated, potentially as a compensatory mechanism to withstand the unrepaired DNA damage [10, 99] . The induction of autophagy and its association with changes in lipid metabolism have also been reported as mechanisms involved in metabolic responses in prematurely aging mice [73] , reinforcing the concept that upon persistent accumulation of DNA lesions, animals establish a metabolic shift reminiscent of adaptations occurring during the natural aging process [11, 18, 26, 31] .
The accumulation of aberrant proteins with the consequent activation of autophagy are also connected with intra/extracellular vesicle trafficking, an important mechanism regulating neuronal functions [100] , which has been reported as altered during aging and in neurodegenerative disorders such as AD and PD [101] [102] [103] . The pathophysiology of PD, for example, is characterized by an impaired axonal transport of autophagosomes due to the presence of oligomeric α-synuclein that alters synaptic vesicle distribution and intracellular neurotransmitter trafficking [104] . In contrast to the decrease of intracellular trafficking upon aging, in the C. elegans model of NER deficiency upon UV-irradiation, vesicle trafficking and synaptic transmission are promoted [10] (Figure 2) , as indicated by the increased expression of members of the synaptic machinery and G protein-coupled receptor (GPCR) signalling, which play an essential role in neuronal communication [105] . This suggests that there might be a release of signals from genotoxically-compromised cells to potentially mediate the organismal adaptation to the unrepaired DNA damage.
Chromatin remodelling and histone modifications, which regulate replication, transcription, and repair [106, 107] , play an important role in response to persistent DNA damage and during the aging process [10, [108] [109] [110] [111] (Figure 2) . Alterations at the level of the epigenetic machinery have been seen to be involved in triggering modifications on the transcriptional level of the genes involved in the pathogenesis of age-related diseases such as AD and PD [112] [113] [114] , characterized by the accumulation of misfolded and aggregated proteins and impaired proteostasis [115, 116] . Moreover, epigenetic mechanisms and chromatin remodelling play an important role in influencing the IIS signalling effector DAF-16, to promote stress resistance and modulate longevity [12, [117] [118] [119] .
The integration of MS-based omics studies assessing proteins, post-translational modifications (PTMs), and metabolomics therefore provide insight into the physiological adaptations to genome instability in aging, aiding the deciphering of the hubs of the signalling networks and their interaction. Assessing the status of the network of response mechanisms to DNA damage could greatly advance the identification of potential targets for future therapeutic interventions for DNA-damage-driven aging-associated diseases.
Conclusions
In humans, mutations in NER genes lead to rare congenital disorders that are characterized by complex clinical phenotypes, ranging from elevated skin cancer susceptibility to growth retardation and premature aging. Important insights into the physiological consequences of NER mutations have been provided by studies of mouse mutants in various NER genes, which, although essential as disease models, exhibit rather complex phenotypes. The nematode C. elegans provides a greatly simplified model allowing the in vivo analysis of the responses to persistent DNA damage through large-scale mass-spectrometry (MS)-based studies. Nowadays, the technological advances of multiple omics MS-based approaches, allow the assessment of a large array of proteins and metabolites, important for identifying signal transduction networks responding to stress and aging. Each type of omics data typically provides important insight into the biological pathways that are differentially regulated upon specific stress conditions, but they should be combined to obtain a complete overview about disease causes and consequences. The integration of these multi-omics approaches, on model organisms and ultimately on humans, offer in fact an opportunity to unravel potential mechanisms causative of various diseases, as the mentioned progeroid syndromes, and to identify the physiological adaptations occurring in the aging process.
The identification, in C. elegans NER deficient mutants, of the IIS pathway as central node of a signalling network regulating growth, metabolism, and stress responses important during aging, suggest that adaptations to both acute and long-term low-level genome instability trigger a "survival response" that promotes the preservation of tissue functionality.
